Objectives: To investigate the prevalence and genetic environment of the multiresistance gene oqxAB in Salmonella enterica serotype Typhimurium isolated from food-producing animals.
Introduction
Fluoroquinolones are a treatment option for life-threatening Salmonella infections caused by multidrug-resistant (MDR) isolates. 1 However, the widespread use of fluoroquinolones in humans for clinical therapy and in animals for therapy and growth promotion has led to rising resistance in Salmonella to this class of antibiotics. 2, 3 Mutations in the bacterial DNA gyrase (gyrA and gyrB) and topoisomerase IV (parC and parE) genes are an important mechanism of quinolone resistance. 4 Moreover, the plasmid-mediated quinolone resistance (PMQR) mechanism has further facilitated the spread of fluoroquinolone resistance.
To date, three types of PMQR determinants, including Qnr peptides (QnrA, QnrB, QnrS, QnrD and QnrC), AAC(6 ′ )-Ib-cr and the efflux pumps QepA and OqxAB, have been reported in clinical isolates. 5 They have been shown to be widespread and can confer low-level resistance to quinolones. 5 OqxAB is one of the first plasmid-borne efflux pumps of the resistance/nodulation/cell division (RND) family and the first identified mechanism of resistance to olaquindox. Most of the OqxAB substrates, including fluoroquinolones, have already been identified as substrates for other RND pumps. 6 The carriage of oqxAB on transferable plasmids would facilitate the emergence of fluoroquinolone resistance and its transmission via horizontal gene transfer. 7 Recently, another group also found the clonal dissemination of oqxAB-positive Salmonella in pork samples, but the oqxAB gene was located on the chromosomal DNA of Salmonella. Given what we know about the oqxAB gene, there is little information concerning its distribution and detailed information about the plasmid containing oqxAB in Salmonella Typhimurium is lacking. 8 In this study, we aimed to investigate PMQR determinants and quinolone resistance-determining region (QRDR) mutations, and to obtain epidemiologic and molecular insights into the distribution of oqxAB among Salmonella Typhimurium isolates derived from farm animals.
Materials and methods

Bacterial strains and susceptibility testing
Sixty-three Salmonella Typhimurium strains were obtained from 3100 faecal swabs of food-producing animals at 28 poultry farms, 20 swine farms and 2 animal hospitals located in different regions of China between 2007 and 2011. The MICs of (fluoro)quinolones (ciprofloxacin, nalidixic acid, enrofloxacin and levofloxacin) and other antimicrobials (olaquindox, ampicillin, ceftiofur, sulfamethoxazole, tetracycline, gentamicin, chloramphenicol and florfenicol) were determined by the agar dilution method following CLSI guidelines. The breakpoints for each antimicrobial were recommended by the CLSI (M100-S19) (ciprofloxacin and levofloxacin), veterinary CLSI (M31-A3) (nalidixic acid, enrofloxacin, ampicillin, ceftiofur, sulfamethoxazole, tetracycline, gentamicin, chloramphenicol and florfenicol) and DANMAP 98 (olaquindox).
PMQR gene detection
All of the 63 Salmonella Typhimurium isolates were tested for the presence of known PMQR genes (qnrA, qnrB, qnrS, qnrC, qnrD, aac(6 ′ )-Ib-cr and qepA) and point mutations in the QRDR of gyrA, gyrB, parC and parE using PCR amplification with the primers described in previous studies, 9 -11 but homedesigned primers for oqxA and oqxB (Table S1 , available as Supplementary data at JAC Online). All PCR products were directly sequenced and the results were compared with those in the GenBank nucleotide database (http://www.ncbi.nlm.nih.gov/blast/).
Molecular typing
Genomic DNA of oqxAB-positive isolates was analysed by PFGE after digestion with XbaI. 12 Comparison of PFGE patterns was performed with BioNumerics software (Applied Maths, Sint-Martens-Latem, Belgium) using the Dice similarity coefficient. Clusters were defined as DNA patterns sharing .90% similarity.
Conjugation and transformation analysis
Genetic transfer of the oqxAB gene was carried out by conjugation and transformation experiments as described previously. 13 Plasmid DNA from the donor strains was extracted by the QIAGENPrep Plasmid Midi Kit (Qiagen, Germany) for transformation experiments.
Plasmid characterization
Plasmid replicon typing was performed on transconjugants/transformants by PCR as described previously.
14 Plasmids in the donor strains were analysed by Southern blot hybridization with probes specific for oqxA, oqxB, aac(6 ′ )-Ib-cr and qnrS1 as well as with probes for each previously identified plasmid replicon type (Roche Diagnostics GmbH, Mannheim, Germany). The oqxAB-positive plasmids were further analysed by restriction fragment length polymorphism (RFLP) using EcoRI as the endonuclease (TaKaRa Biotechnology, Dalian, China). The genetic environment of oqxAB was determined by the primer walking method on both DNA strands. The partial sequence was used to design primers for the amplification of four loci (designated A-D) (Table S1 , available as Supplementary data at JAC Online) in order to analyse the remaining oqxAB-positive plasmids. The detailed locations of the primers are presented in Figure 2 . The amplicons were then digested with the following restriction enzymes (TaKaRa Biotechnology, Dalian, China): EcoRV (loci A and D) and PstI (loci B and C).
Nucleotide sequence accession number
The partial nucleotide sequence of plasmid pHXY0908 containing oqxAB and aac(6 ′ )-Ib-cr isolated from the strain GDS147 has been deposited in the GenBank data library under accession number JQ696875.
Results
Antimicrobial susceptibility and detection of resistance genes
Amongst the 63 Salmonella Typhimurium strains, 4 isolates (6.3%) presented high-level resistance (MIC ≥4 mg/L) to ciprofloxacin. Half of the oqxAB-positive isolates showed intermediate susceptibility to ciprofloxacin (MIC ≥1 mg/L). The MICs of olaquindox were .64 mg/L in all oqxAB-positive isolates and these isolates also presented a multiresistance phenotype ( Table 1 ). The oqxAB, qnrS1 and aac(6 ′ )-Ib-cr genes were present alone or in combination in 20 (31.7%), 1 (1.6%) and 23 (36.5%) isolates, respectively, and 1 isolate harboured all three determinants. The qnrA, qnrB, qnrC, qnrD and qepA genes were not detected in any of the tested strains. Among the 28 PMQR determinant-positive Salmonella Typhimurium isolates, 18 (64.3%) had a single mutation in gyrA at codon 83 or 87. A combination of mutations in gyrA at codons 83 (S83A) and 87 (D87N) was found in only one highly ciprofloxacin-resistant isolate (GDS162). Of the 20 isolates carrying oqxAB, 10 (50%) had a mutation in codon 87 of gyrA (D87N) and 4 (20%) had an S83F mutation in gyrA. No mutations were detected in gyrB, parC or parE (Table 1) .
PFGE
The 20 oqxAB-positive Salmonella Typhimurium isolates were grouped into two PFGE clusters designated A and B (70.6% genetic similarity) (Figure 1 ). Cluster A harboured 15 (75%) of the 20 isolates, while cluster B was represented by 5 isolates (25%) (Figure 1 ).
Transfer of quinolone resistance genes
Nineteen transconjugants/transformants were successfully obtained from 20 oqxAB-positive isolates (GDS10 failed) by conjugation/transformation experiments. The ciprofloxacin MICs of the transconjugants and transformants increased 4-8-fold (0.03125-0.0625 mg/L) compared with the recipient Escherichia coli J53 (0.008 mg/L) and E. coli DH5a (0.016 mg/L), respectively. Additionally, the co-transfer of resistance to olaquindox, nalidixic acid, ampicillin, gentamicin, sulfamethoxazole and florfenicol was also observed in some transconjugants/transformants.
Plasmid analysis
Southern blot hybridization experiments confirmed that oqxAB and aac(6 ′ )-Ib-cr were colocalized on the plasmids extracted from oqxAB-aac(6 ′ )-Ib-cr-positive Salmonella Typhimurium strains. However, the qnrS1 gene was not found with oqxAB or aac(6 ′ )-Ib-cr on the same plasmid in the isolate GDS82. Most of the oqxABpositive plasmids (80%) belonged to the IncHI2 type, except in isolates GDS41, GDS47, GDS159 and GDS167 (IncF type). Additionally, the sizes of the IncHI2-and IncF-type plasmids both ranged from 110 to 200 kb. The oqxAB-aac(6 ′ )-Ib-cr-positive plasmids Li et al.
isolated from GDS42, GDS82, GDS132, GDS147, GDS148 and GDS149 showed identical RFLP patterns ( Table 1 ). The nucleotide sequences flanking oqxAB were determined in the plasmid named pHXY0908, isolated from GDS147. The genetic environment of oqxAB consisted of a peculiar class 1 integron containing aac(6 ′ )-Ib-cr, bla OXA-1 , catB3, arr3, qacED1 and sul1 and shared the same IS26 with the oqxAB cassette (Figure 2) . Digestion of the amplicons indicated that all of the oqxAB-aac(6 ′ )-Ib-cr-positive Salmonella Typhimurium strains presented the same genetic environment of oqxAB as GDS147. Additionally, the sequence of the IS26-flanked oqxAB was found in the remaining oqxAB-positive isolates.
Discussion
Our study revealed a high prevalence of oqxAB (31.7%) and aac(6 ′ )-Ib-cr (36.5%) in Salmonella Typhimurium isolates, which is significantly higher than that reported with E. coli isolates in Denmark, Sweden (1.8%) and Europe. 10, 15 These results suggest that the PMQR determinants oqxAB and aac(6 ′ )-Ib-cr have been widely disseminated in Salmonella Typhimurium from foodproducing animals in China. 15 Quinoxaline and fluoroquinolones were extensively used in animal husbandry for prophylactic and therapeutic purposes. 16, 17 The acquisition of oqxAB contributes to the increase of fluoroquinolone MICs by 4 -8-fold in transconjugants/transformants. Therefore, the spread of the plasmid-encoded multidrug efflux pump OqxAB and other PMQR determinants represents an emerging problem for antibiotic resistance. 6, 18 In this study, the oqxAB-harbouring isolates appear to be genetically related according to the PFGE analysis. All of the oqxABpositive isolates belong to two PFGE clusters (Figure 1) . The genetic relatedness of the isolates suggests possible clonal dissemination of oqxAB-positive Salmonella Typhimurium in food- RFLP patterns with no more than three band differences were assigned to the same RFLP profile. Li et al.
Spread of oqxAB in
producing animals in China. These Salmonella isolates were derived from different animal farms. However, the physical distance has been greatly shortened by convenient transportation, and there is a possibility of potential spread of oqxAB-positive Salmonella Typhimurium by exchanging of animals.
Consistent with previous reports that oqxAB is located on an IncF-type plasmid, in this study four of five transformants carried an IncF-type plasmid containing only oqxAB. However, oqxAB was present with aac(6 ′ )-Ib-cr on the transferable IncHI2-type plasmid isolated from all of the oqxAB-aac(6 ′ )-Ib-crpositive isolates (data not shown). 16, 19 This result indicates that other than IncF-type plasmids, IncHI2-type plasmids also play important roles in the dissemination of oqxAB. Interestingly, an IncHI2-type plasmid carrying only oqxAB was found in isolate GDS10; further research on the IncHI2-type oqxAB-positive plasmid is needed in the future.
IncHI2-type plasmids have recently been implicated in the spread of genes encoding extended-spectrum b-lactamases and are known to play a key role in the acquisition of antibiotic resistance. 20 The genetic environment of oqxAB located in pHXY0908 is similar to that in pOLA52 and a plasmid from Klebsiella oxytoca C994. 19, 21 The oqxAB cassette was flanked by IS26 and an incomplete class 1 integron containing aac(6 ′ )-Ib-cr, which explained the MDR phenotypes in the transconjugants (this study). 21 This organization is common (15/15) in Salmonella Typhimurium strains, which was clarified by the digestion of four amplicons amplified from oqxAB-aac(6 ′ )-Ib-cr-positive isolates. Moreover, six oqxAB-aac(6 ′ )-Ib-cr-positive plasmids shared the same RFLP patterns with pHXY0908, indicating that the spread of oqxAB in China involved an epidemic plasmid. Further research will be needed to investigate the complete sequence of pHXY0908. There are some unique features associated with the oqxAB genetic environment identified in this study (Figure 2 ). The oqxAB cassette was linked to an incomplete class 1 integron by an IS26-composite transposon element. Previous reports indicated that IS26 is widely spread among plasmids and the dissemination of resistance genes could be mediated by IS26 in several ways. 22 Therefore, the dissemination of oqxAB could be mediated by mobile elements in a variety of plasmid environments. 16 Moreover, the integron is a genetic element containing gene cassettes that can be mobilized to other integrons or to secondary sites in the bacterial genome. 23 Thus, a plasmid containing the oqxAB cassette has the possibility of integrating more resistance genes and has multiple ways to disseminate.
To conclude, we identified a high prevalence of oqxAB and aac(6 ′ )-Ib-cr, which were present together on a transferable IncHI2-type plasmid, and the clonal spread of MDR oqxAB-positive Salmonella Typhimurium isolates in food-producing animals in China. Fifteen oqxAB-aac(6 ′ )-Ib-cr-positive plasmids shared the same genetic environment of oqxAB. Moreover, six plasmids shared the same RFLP patterns as pHXY0908. These findings underline the need for enhanced surveillance and efforts to control the spread of PMQR from food-producing animals to humans.
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